Introduced species are a threat to biodiversity. Burbot, Lota lota, a fish native to the Wind River Drainage, Wyoming and a species of conservation concern, have been introduced into the nearby Green River Drainage, Wyoming, where they are having negative effects on native fish species. We compared these native and introduced burbot populations to evaluate potential mechanisms that could be leading to introduction success. We examined genetic ancestry, physical habitat characteristics, community composition, and burbot abundance, relative weight, and size structure between the native and introduced range to elucidate potential differences. The origin of introduced burbot in Flaming Gorge Reservoir is most likely Boysen Reservoir and several nearby river populations in the native Wind River Drainage. Burbot populations did not show consistent differences in abundance, size structure, and relative weight between drainages, though Fontenelle Reservoir, in the introduced drainage, had the largest burbot. There were also limited environmental and community composition differences, though reservoirs in the introduced drainage had lower species richness and a higher percentage of non-native fish species than the reservoir in the native drainage. Burbot introduction in the Green River Drainage is likely an example of reservoir construction creating habitat with suitable environmental conditions to allow a southwards range expansion of this cold-water species. An understanding of the factors driving introduction success can allow better management of species, both in their introduced and native range.
Introduction
Introduced species can have substantial negative effects on aquatic communities through predation, habitat modification, and competition (Kulhanek et al. 2011) . However, most species that are introduced outside their native range do not become abundant in their new range (Mack et al. 2000) . Understanding the mechanisms underlying successful introduction is therefore the focus of considerable theoretical and empirical research (Budy et al. 2013; Gurevitch et al. 2011; Lowry et al. 2013) . The results of this body of research indicate that the mechanisms for introduction success are often context specific, but generally relate to characteristics of the introduced fish, biotic and abiotic components of the environment, fishenvironment match, disturbance, and characteristics of the introduction (Catford et al. 2009; Mack et al. 2000; Ruesink 2005) .
Comparisons between native and introduced populations can provide insight into the mechanisms that lead to introduction success, especially when the native Fewer natural enemies results in reduction in resources for defense and towards increased competitive ability
Increasing abundance, higher condition and larger burbot (Blossey and Notzold 1995; Bossdorf et al. 2005; Budy et al. 2013) Environment traits Empty niche Low biodiversity in an ecosystem will result in increased chances of successful introduction because of empty niches and high resource availability Lower species richness (Knops et al. 1999; Shurin 2000; Stachowicz et al. 2002) Disturbance Higher success in habitats with moderate levels of disturbance because of increased availability of resources in disturbance patches
More disturbed habitat (reservoir habitat, high % non-natives) (Colautti et al. 2006; Renne et al. 2006; Sher and Hyatt 1999) Burbotenvironment match
Habitat filtering Introduced species is successful if it is adapted to environmental conditions of ecosystem
More high quality habitat (deep, cold) (Fausch 2008; Melbourne et al. 2007; Weiher and Keddy 1995) and introduced habitats occur in close proximity so one can control for biogeography. Species often differ in their population dynamics and demographics between native and introduced habitats. For example, brook trout Salvelinus fontinalis (Mitchill, 1814) are declining in parts of their native range (Marschall and Crowder 1996; Stranko et al. 2008 ), but are a highly successful invader displacing cutthroat trout Oncorhynchus clarki (Richardson, 1836) in the western United States (Fausch 2008; Peterson et al. 2004) . Similarly, brown trout Salmo trutta (Linnaeus, 1758) reach a larger maximum body size and are more piscivorous in their introduced range (Budy et al. 2013) . In Wyoming, burbot, Lota lota, (Linnaeus, 1758) are native to the Wind River Drainage, but were illegally introduced into the Green River Drainage in the early-to mid-1990s (Gardunio et al. 2011) . While this only represents a slight range expansion, it places burbot in a new major river drainage-the Colorado River. The Colorado River drainage has historically much lower fish species richness than the Missouri River drainage, and contains a number of fish species of high conservation concern, such as the flannelmouth Catostomus latipinnis (Baird and Girard, 1853), bluehead Catostomus discobolus (Cope, 1871) , and razorback Xyrauchen texanus (Abbott, 1860) suckers. There is limited continuous data on burbot abundances in their native range, but there is concern about potential declines due to angler exploitation and habitat modification (Hubert et al. 2008; Krueger and Hubert 1997; Lewandowski 2015) . However, burbot populations in their introduced range have expanded rapidly and are the target of substantial eradication efforts (Gardunio et al. 2011) . The success of these introduced populations is surprising as the introduced population represents a southern expansion. Globally burbot populations at the southern edge of their distribution have been in decline and are vulnerable to extirpation due to warming temperatures (Stapanian et al. 2010) .
We hypothesize that burbot introduction success in the Green River Drainage may be related to burbot traits, environment traits, or burbot-environment match and present four potential hypotheses (Table 1 ). The first is the "evolution of increased competitive ability", in which the lack of natural enemies allows introduced burbot to focus resources towards increased competitive ability instead of defense (Blossey and Notzold 1995; Budy et al. 2013) . The next two relate to the environment. The "empty niche" hypothesis suggests that lower biodiversity in an ecosystem will increase introduction success (Shurin 2000; Stachowicz et al. 2002) . The "disturbance" hypothesis suggests that there will be higher success in more disturbed habitats due to increased availability of resources (Renne et al. 2006; Sher and Hyatt 1999) . Lastly the "habitat filtering" hypothesis considers speciesenvironment match, and suggests success will be due to the presence of high-quality environmental conditions to which burbot are already adapted (Fausch 2008; Melbourne et al. 2007 ).
Our goal is to better understand the potential mechanisms driving the expansion of burbot in their introduced range by comparing burbot populations in the Wind and Green River drainages. To provide context for comparison of native and introduced populations, we use genetic data to determine the likely origin of introduced burbot in the Green River Drainage. We then use available data to compare lake and reservoir physical characteristics, community composition, and burbot abundance, relative weight, and size structure between the native and introduced range. Our objective is to elucidate potential differences between the burbot populations and evaluate the support for each of the hypothesized mechanisms for burbot success in the Green River Drainage (Table 1 ). An understanding of the factors driving population dynamics of burbot within their native and introduced range could help inform management: both control and suppression in the introduced range, and conservation and potential restoration in the native range.
Methods

Study area
Burbot are found in lakes, reservoirs, and rivers. Native populations are found within the Wind River Drainage in tributary lakes of the Wind River, Boysen Reservoir, and in low numbers in the Wind River above Boysen Reservoir and lower portions of the Little Wind, Popo Agie, and Little Popo Agie rivers (Figure 1 ). The tributary lakes were formed during the Quaternary ice-age and were likely colonized by Missourian lineage burbot sometime after the recession of the Bull Lake and Pinedale glaciations, 21,000 years ago. Stable populations are currently present within Torrey, Ring and Trail lakes on Torrey Creek; Upper and Lower Dinwoody lakes on Dinwoody Creek; and in Bull Lake on Bull Lake Creek ( Figure (Gardunio et al. 2011) .
There is considerable variation in the size (39-17005 ha) and depth (9-133 m) of the lakes and reservoirs inhabited by burbot (Table 2) . Flaming Gorge Reservoir is more than twice as large and deep as any of the other lakes/reservoirs. Fontenelle Reservoir is also large, but is comparable to lakes/reservoirs in the Wind River Drainage such as Boysen Reservoir and Bull Lake. The Ring, Trail, and Torrey lakes are the smallest and shallowest. They are also at the highest elevations so experience the coolest July air temperatures. Boysen Reservoir experiences the warmest July air temperatures.
Genetics
As part of an ongoing investigation of population genetic structure of burbot within Wyoming, we generated and analyzed high throughput DNA sequence data for 271 burbot from 11 locations in the Wind River drainage, plus 5 Flaming Gorge Reservoir burbot. We report on the Wind River data more fully in another manuscript (Underwood et al. 2016) . Any fish we collected were handled under Wyoming Game and Fish Department permit number 901 and Institutional Animal Care and Use protocol #20140404AW00087-02. For this study, the goal of our genetic analysis was to understand how introduced burbot in Flaming Gorge Reservoir compare to burbot populations in their native range. We used a genotyping by sequencing approach. Reduced complexity genomic libraries were prepared according to protocols in Parchman et al. (2012) and sequenced on the Illumina Hiseq 2500 platform at the University of Texas Genome Sequencing and Analysis Facility (UT-GSAF, Austin, TX).
Following assembly and variant calling to identify variable genetic sites (SNPs: single nucleotide polymorphisms), we used individual-based analyses to confirm that each geographically defined population corresponded to a genetic cluster (methods detailed in Underwood et al. (2016) , and similar to Mandeville et al. (2015) ). We then applied a population-based model, TreeMix (Pickrell and Pritchard 2012) , to better understand genetic relationships among populations. For this analysis, we used data at 11,278 SNPs to calculate population allele frequencies and allele counts at each genetic site. TreeMix is a likelihood-based model that detects population divergences and historical mixture events between populations, resulting in a distance tree overlaid with proposed gene flow events between populations that improve model fit. This maximum likelihood tree shows genetic relationships among burbot populations.
Population and community dynamics
We gathered burbot data for lakes and reservoirs within the Wind River and Green River drainages from published literature, Master's theses, and internal reports from the Wyoming Game and Fish Department (WGFD). The WGFD has conducted standardized burbot sampling in Boysen Reservoir since 2005 and in Fontenelle and Flaming Gorge (collected in conjunction with the Utah Division of Wildlife Resources (UDWR)) reservoirs since 2006. We only used data from 2008 onward as during the first years of sampling there were some inconsistencies in gear placement for some sites. Sampling occurred during spring in Boysen Reservoir and during fall in Fontenelle and Flaming Gorge reservoirs. Sampling was conducted using trammel nets set overnight (16-22 hours) on steep, rocky substrate found along shorelines of the reservoirs. Trammel nets were 48.8 m long and 1.8 m deep with outer panels of 25.4-cm bar mesh and inner panels of 2.5-cm bar mesh. Burbot less than 270 mm were rarely caught in the nets, but larger size classes were consistently represented. At Boysen Reservoir, trammel nets were set at six standard sites. In Flaming Gorge, nets were set at nine standard sites (three each in northern (inflow), central (open hills), and southern (canyon) region). In Fontenelle Reservoir, three nets were set at standard sites. Mean catch per unit effort (CPUE; fish h -1 ) was used as our index of burbot population abundance. We used linear regression of CPUE against year for each reservoir to assess potential trends in abundance. We plotted a histogram of the residuals and the residuals against fitted values for each linear model to assess whether the models met the assumptions of normality and homogeneity of variance. We also tested for autocorrelation of residuals using an acf plot since we were working with timeseries data. We saw no concerning trends in the residuals. All plots and analyses were carried out in R (R Core Team 2014).
We examined size structure based on burbot length data from the WGFD and UDWR standardized burbot sampling for Boysen, Fontenelle, and Flaming Gorge reservoirs, and data from Lewandowski (2015) for other sites in the Wind River drainage. We restricted our analysis to burbot caught in 2011, 2012, and 2013 since those were the years in which data was available for the Wind River lakes. For all lakes except Ring Lake there were at least 100 fish sampled. We examined mean length, standard deviation of length, and the proportion of fish found in each standard length category. Minimum lengths used for stock, quality, preferred, memorable, and trophy size class burbot were 200 mm, 380 mm, 530 mm, 670 mm, and 820 mm, respectively (Fisher et al. 1996) . We ran a linear mixed effects model with drainage as the fixed effect and site nested within drainage as the random effect to examine whether length varied by drainage with the nlme package (Pinheiro et al. 2014) . We also conducted an analysis of variance (ANOVA) examining whether length varied by site and year and conducted a posthoc analysis Tukey test to compare site and year pairs. We plotted a histogram of the residuals and the residuals against fitted values to assess whether the models met the assumptions of normality and homogeneity of variance, and saw no concerns.
Relative weight (W r ), an index of body condition, was calculated from WGFD and UDWR monitoring data for Boysen, Fontenelle, and Flaming Gorge reservoirs. Relative weight was calculated according to Anderson and Neumann (1996) :
Log 10 (W s ) = a + b(log 10 (L)) W r = 100 (W/W s ) where W s = standard weight, a = intercept, b = slope, L = fish length, W r = relative weight, and W = fish weight. Values for burbot for the intercept (a = −4.868, metric) and slope (b = 2.898) were taken from Fisher et al. (1996) . We calculated W r for fish collected during 2011, 2012, and 2013. We removed from analyses 5 fish that had relative weight scores lower than 50, as these were extreme outliers. We used an ANOVA to examine whether relative weight varied by site and year and conducted a post-hoc analysis Tukey test to compare site and year pairs. To examine the relationship between relative weight and length we used a linear regression of relative weight against length for each site. For both sets of models we plotted a histogram of the residuals and the residuals against fitted values to assess that the model residuals were normally distributed and had homogenous variance, and saw no concerning trends in the residuals.
Fish community composition for Green River and Wind River drainages was based on presence and absence of fish species as determined through WGFD and UDWR monitoring for 2005-2015.
Results
Genetics
Burbot from Flaming Gorge Reservoir in the Green River Drainage are genetically most similar to those from Boysen Reservoir and several nearby river populations (Little Wind, Little Popo Agie) (Figure 2 ).
Population and community dynamics
Mean burbot CPUE ranged from 0.34 to 1.28 fish hour -1 and standard deviation was high, especially for and several populations showed a bi-modal distribution of lengths (Figure 4) . Bull, Ring, Trail and Torrey lakes had a large proportion (40-65%) of small burbot (stock size, <380 mm) and almost no trophy fish (0-2%, 820+ mm). Fontenelle Reservoir, Lower Dinwoody Lake and Upper Dinwoody Lake had the largest proportion of trophy fish, with a third of the Fontenelle Reservoir fish falling in this size class. Length was lower for the Wind River drainage than the Green River drainage, but not significantly (t 7 = −1.56, P = 0.16). However, mean burbot length varied significantly by year (F 1,4833 = 199.32, P<0.001) and among individual lakes/reservoirs (F 8,4833 = 96.56, P<0.001) . A post-hoc Tukey test found fish in 2011 were larger than fish in 2012 (P<0.001), which were larger than fish in 2013 (P<0.001). Fontenelle Reservoir had larger fish, on average, than all other sites (P<0.001), while fish in Flaming Gorge Reservoir were, on average, smaller than those from Lower Dinwoody and Upper Dinwoody lakes (P<0.001), but larger than fish found in Ring, Torrey, and Trail lakes (P<0.01).
All reservoir sites in both native and introduced range had mainly burbot of relative weight less than 100 ( Figure 5 ). The effect of year ( opposite pattern with larger fish having higher relative weight (slope = 0.03, F 1,455 = 50.62, R 2 = 0.10, P<0.001), while Fontenelle Reservoir showed no trend (slope = 0, F 1,118 = 0.66, R 2 = 0, P = 0.42). Boysen Reservoir had the highest species richness (30) which was double that of any other lake/reservoir (Table 3, Supplementary material Table S1 ). Fontenelle and Flaming Gorge species richness (13-14) was comparable to the other Wind River lakes (11-15), but Fontenelle and Flaming Gorge reservoirs had a higher proportion of nonnative species (Table 3) .
Discussion
Characteristics of the environment and burbotenvironment match are the most likely factors driving burbot introduction success in the Green River drainage. While burbot populations showed substantial variability in abundance, size structure, and relative weight, the variability was not consistently related to drainage providing no support for the "evolution of increased competitive ability" hypothesis (Table 1) . There were some differences in physical habitat characteristics and community composition between drainages providing limited support for the "empty niche" and "disturbance" hypotheses. For example, Flaming Gorge and Fontenelle reservoirs had lower species richness than Boysen Reservoir and the highest percentage of non-native fish species. We were limited by data availability for assessing the "habitat filtering" hypothesis, but the presence of deep habitat in the Green River drainage suggests there is high-quality cold habitat available for burbot. This is surprising as the Green River drainage populations represent a southwards range expansion for a cold stenothermal species. However, human alteration of these systems has created temporally stable coldwater habitats, including dam tailwater sections and deep reservoirs, which are likely ideal for burbot.
The Flaming Gorge burbot included in genetic analyses in this study, probably all have ancestry from a single source population, and are genetically similar to burbot sampled from the lower Wind River populations, including Boysen Reservoir. Although we present only the TreeMix analysis here, these results are consistent across multiple genetic analyses of individuals and populations, and are associated with low uncertainty (Underwood 2015) . Boysen Reservoir is the most likely source as the river populations are at very low densities and fishing for burbot primarily occurs on lakes in the winter. The finding of limited genetic differentiation provides context for the comparisons. Given that Boysen Reservoir is likely the primary source of burbot in Flaming Gorge Reservoir, the comparison of abundance and size structure between Boysen and Flaming Gorge Reservoir is highly appropriate.
There were no large differences in burbot CPUE, size structure, or relative weight between Boysen Reservoir and the introduced populations in Fontenelle and Flaming Gorge reservoirs, though Fontenelle Reservoir had the highest proportion of trophy size fish. Burbot condition was relatively low, but it has been suggested that reservoir burbot generally have lower relative weight (Fisher et al. 1996) . However, three to nine years of data is a relatively short time period for characterizing population dynamics and demographics. The Fontenelle and Flaming Gorge populations are relatively recent introductions so are likely still moving towards equilibrium dynamics. The CPUE numbers do not account for the substantial management effort to control and reduce burbot numbers in the Green River Drainage, including a "must kill" provision for all burbot caught and fishing events targeted at burbot. The CPUE data is also limited by the assumption of constant capture probability. The timing of sampling varied among reservoirs, but the limited instances where both spring and fall trammel net data are available (WGFD data for Boysen in and Flaming Gorge Inflow in 2006 , Abrahamse 2008 do not suggest consistent trends with sampling time. In addition, both time periods correspond to cold water conditions when burbot are most active (Hofmann and Fischer 2002; Holker et al. 2004) . Given that there has been no detailed evaluation of population demographics for burbot in the area, the data used are the best available.
Despite the relatively stable CPUE numbers, burbot are highly successful in the Green River drainage where they have been able to establish and spread (Gardunio et al. 2011) . Burbot are not known to be widely introduced and are declining across much of their native range (Stapanian et al. 2010 ). However, it was noted in the 1951 version of Wyoming Fishes "to keep it (burbot) confined to drainages to which it is native since potentially it is a harmful fish if planted indiscriminately" (Simon 1951) . The lack of widespread burbot range expansion may therefore be due to the lack of introduction attempts rather than a lack of appropriate traits. Burbot have several traits thought to be important for introduction success including very high fecundity: a female can produce from 6300 to 3.4 million eggs (Stapanian et al. 2010 ). This high fecundity, coupled with a long life-span could help burbot establish in new environments. In addition, larval burbot have a pelagic life stage that could help with range expansion (McPhail and Paragamian 2000) . Burbot also have broad dietary preferences (Jacobs et al. 2010; Klobucar et al. 2016 ) and a fairly high thermal tolerance for a cold-water fish (Hofmann and Fischer 2002; Paakkonen et al. 2003) .
For some introduced species, there has been support for the "evolution of increased competitive ability" hypothesis (Blossey and Notzold 1995; Whitney and Gabler 2008) . For example, brown trout are larger and more piscivorous in their non-native range (Budy et al. 2013 ). We did not observe larger burbot of higher relative weight in the Green River Drainage, but it may also be too early to tell if something similar could occur with burbot. Burbot do appear to be very adept at switching between prey resources in response to variation in prey availability (McPhail and Paragamian 2000; Klobucar et al. 2016 ).
We only have very coarse scale data available to examine environmental characteristics that could be important for introduction success (Catford et al. 2009 ) and many, such as resource availability, vary substantially through time. Therefore identifying differences between limiting factors may prove to be beyond the scope of what is possible at this stage, but it is useful to examine the limited available data. For example, one important observation is that Flaming Gorge Reservoir is deep, so likely provides abundant and stable cold water, while Boysen Reservoir is quite shallow given its area, and experiences warmer air temperatures. Warming has been linked to burbot declines in the southern extent of their distribution. Studies in Oneida Lake, New York found a high occurrence of empty stomachs and reduced liver energy density during warm summers, suggesting high summer temperatures may be especially concerning (Holker et al. 2004; Jackson et al. 2008) . The Wind River Drainage is already at the southern extent of native burbot distribution and the Green River Drainage is even further south, but dam construction has substantially altered the thermal regime of the Green River creating reservoir and tailwater habitat suitable for burbot (Gardunio et al. 2011) . Flaming Gorge Reservoir reaches a maximum depth of 133 m likely creating plenty of cold-water habitat. In fact, the shallower lakes/reservoirs in the Wind River drainage (Table 2 ) may be more affected by warming.
"Disturbance" is another hypothesis associated with introduction success (Havel et al. 2005; Hierro et al. 2006) , and may, in part, be leading to the success of introduced burbot in the Green River drainage. It could be interacting with the "empty niche" hypothesis which suggests that if the invaded community is unsaturated the invader can occupy an unused niche and utilize spare resources (Catford et al. 2009; Hierro et al. 2005) . Reservoirs, a novel and man-made habitat, are relatively young and often contain a mélange of species, some of which have not evolved together. As a result there may be more under-utilized resources. It is possible that no fish species is able to fully occupy or defend available habitat in a reservoir as well as native fish species occurring in naturally available habitat. Both the Flaming Gorge and Fontenelle reservoirs host a limited fish assemblage and many are non-native (>60%). This high proportion of nonnative species may be indicative of a more disturbed habitat and greater food web instability, as has been suggested generally for reservoir habitats (Havel et al. 2005 ). However, the higher proportion of nonnatives could also reflect the lower native species richness of the Green River Drainage.
The most likely explanation for the success of Green River burbot is a combination of burbot traits and the environment. The "habitat filtering" hypothesis suggests that burbot will be successful if they are adapted to the environmental conditions of the introduced system (Fausch 2008; Melbourne et al. 2007) . Flaming Gorge and Fontenelle reservoirs are large deep reservoirs which likely provide a good environmental match for burbot. Fish require good feeding, spawning, and refugia habitat (Schlosser and Angermeier 1995) , and these are all present. These reservoirs have a high availability of forage fish and crayfish, ample spawning habitat, and good refugia habitat, including rocky slopes with good cover and cold water refuges (unpublished data).
Habitat quality and habitat loss are thought to be major factors in burbot declines in their native range, with dams being especially detrimental for riverine populations (Stapanian et al. 2010) . However, the damming of the Green River has likely been an important factor facilitating introduction success in the Green River by creating "niche opportunities", primarily cooler, more lentic environments, that are not ideal habitat for native species (Olden et al. 2006 ). In addition, reservoir habitat often experiences higher levels of physical disturbance that can facilitate introduction success (Havel et al. 2005) .
There are numerous aquatic species where introduced and native populations are relatively widespread. However, few comparisons have been made of population demographics or fish habitat relationships between these native and introduced populations. Too often monitoring will focus on the invaded population without thought of the native population. An effective comparison requires comparable data for both populations. Our comparison would have been improved if better data on population demography (e.g., age and growth), resource availability, and important environmental factors such as temperature had existed. However, comparing native and nonnative populations, especially when they are in close geographic proximity, is potentially a powerful approach for determining factors driving introduction success and identifying factors limiting native populations. Our comparison suggests the lack of cold, deep habitat in the Wind River drainage could be limiting for burbot populations. This will potentially make these populations highly susceptible to climate change. By understanding factors driving introduction success, it might be possible to more effectively manage introduced species, while simultaneously protecting populations in their native range.
